The Variable Moment of Inertia (VMI) model is proposed for the assignment of band head spin of super deformed (SD) rotational bands, which in turn is helpful in the spin prediction of SD bands. The moment of inertia and stiffness parameter (C), were calculated by fitting the proposed transition energies. The calculated transition energies are highly dependent on the prescribed spins. 
Introduction
The topic of super deformation has been in the limelight since the observation of the first super deformed (SD) band in 152 Dy [1] . Experimental data on SD rotational bands are reported in the literature. These bands are often hanging transitions, not allowing the estimation of γ-ray energies with firm assignments of spin and parity. Spin and parity are critical for configuring spins and are crucial in understanding theories of SD bands. Currently the most reliable way of assigning spin in SD models are theoretical methods [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] as the only available spectroscopic information for SD bands are gamma energies [17, 18] . This is due to the difficulties in identifying discrete linking transitions related to low lying states of SD bands. Many theoretical methods like energy expansion I(I+1) [19] , energy power series in term of angular momentum [20, 21] , ω 2 expansion [22, 23] , ab formula [5, 6, 24, 25] and the super symmetric algebraic model including many body interactions (SAM) [8] [9] [10] [11] [12] [13] [14] have already achieved good results. These approaches involve direct and indirect methods for assigning spin to the states in SD bands. In these methods the spin may be expressed as an expansion of the rotational frequency. The rotational frequency is a quantity which can not measured directly, only estimated.
We propose a simple VMI equation which requires less computation time to determine band head spin directly from the ratio between transition energies obtained experimentally. The ratio between γ energies, R, derived from the VMI equation depends upon restoring force constant (C), moment of inertia (J 0 ) and unknown band head spin (I 0 ). The band head moment of inertia (J 0 ) and restoring force constant(C) were determined by a best fitting procedure involving all the experimentally determined transition energies and spin values. Present work is focussed on estimating band head (I 0 ) and other spins, assigned as (I 0 +2 I 0 +4 ), with γ energies for the rotational bands. We have applied the equation to determine band head spin for 16 SD rotational bands observed in 191 192 193 194 195 Tl isotopes. Sufficient SD rotational band data is available in Tl isotopes for a comprehensive study. The formulation used to determine the spins of the considered super deformed rotational bands is given in section 2. All of the SD band data for Tl isotopes was analyzed using this equation in section 3. The band head spin of all the isotopes were determined and results seem reasonably good. The energy spectra of the SD bands compared well to observed spectra when plotted for each band head spin value. A brief summary is given in the conclusion section.
Formulation
The VMI model could theoretically explain the rotational energy in relation to the angular momentum (I) of each level in SD bands. In this model, the energy of a level with angular momentum (I) is given by the sum of a potential energy term (J I − J 0 ) 2 and a rotational energy term 2 (I(I + 1))/2J I . These terms depend on the difference between moment of inertia (J I ) (for the state with angular momentum) to that of the ground state band head moment of inertia (J 0 ). However, the VMI model is a two parameter formula which characterizes each nucleus by band head moment of inertia (J 0 ) and restoring force constant(C). The VMI equation [26] [27] [28] , for rotational bands is given as
In equation 1, and all the following expressions, we assume¯ = 1. The moment of inertia J I is determined by the equilibrium condition,
Which leads to the following expression, For SD bands, the transition energy is expressed as
Therefore, we get,
For an SD cascade
the observed transition energies are:
and E γ (I 0 + 2) These transition energies are fitted by equation 7. The value of parameters J 0 and C are obtained by fitting to the observed transition energies. It was found that the calculated transition energies are in agreement with those observed, the results are shown in Table 1 . The band head spin can be determined in terms of the ratio of transition energies as, The observed ratio of transition energiesR, gives band head spin I 0 . The band head spin of 16 SD bands of Tl isotopes has been calculated. The comparison of the calculated band head spin with the theoretical value available in literature is given in Table 2 . In most of the cases, the calculated value is in agreement with other theoretical results. The root mean square deviations (rms) of calculated transition energies for different I 0 valuehas also been calculated. The calculated energies were in agreement with the observed values for accurate I 0 . If I 0 shifts away from the accurate value by ±1, a rapid shift in the rms deviation (χ) can be observed. The rms values are plotted for different I 0 showing the smallest deviation of band head spin (I 0 ). The root mean square (rms) deviation,
where n is the total number of transitions involved in the fitting. As the spin value of the lowest spin I 0 is known, all the spin values of the SD band levels can be determined. It is evident that the fitting procedure is quite simple and straightforward. In some cases the band head value calculated by VMI differs by one spin value from rms value. These cases are also reported in the paper.
Results and discussion
Using the VMI equation, two parameters: band head moment of inertia J 0 and restoring constant (C) are determined by fitting experimentally known transition energies. The band head spin of all the 16 known bands in 191 192 193 194 195 Tl isotopes were determined in the form of the gamma transition energy ratio, R. The calculated spin value for different isotopes of Tl is compared with other theoretical results available in the literature. The comparison with other theoretical results is given in Table 2 . In most cases the band head spin value agrees with the values obtained from the VMI model except for 192 Tl(b1,b2), where the values are slightly higher than calculated. It is observed that calculated energies of 191 Tl(b1), Tl(b1) is 16 but the minimum rms value is 17. Similarly for 192 Tl(b2), VMI and rms results differ by 1 value. The calculated band head spin is sightly higher than the value quoted in the literature for these two nuclei. The nuclear softness parameter, (σ ), is related to the rigidity of the nucleus and increases with super deformation indicating near rigid rotor behavior. Nuclear softness parameters for SD bands are observed in the range 10 −4 ≤ σ ≤ 10 −6 [29] [30] [31] . Comparing this range to that of the ND bands [32, 33] , shows that the SD bands are much more rigid than the ND bands. Also, as the deformation in super deformed nuclei increases, the SD bands become more and more rigid. Thus the observed high spin SD bands are known to display a near-rigid rotor behavior. The energy spectra shows rigid behavior when the band head spin value is assigned to the band while the energy varies hyperbolically when one higher or one lower spin value is taken for the band. The ratio of transition energies over spin (RTEOS) verses spin (I) are plotted for Tl isotopes showing the rigid behavior of these nuclei. In most of the cases, the values calculated correlate well with the experimental data. As an illustrative example, the energy spectra of 194 Tl (band1) is shown in Figure 1 where the observed and calculated values are compared. It can be seen that the energy spectra are well reproduced. This result is verified by the spin value obtained by rms deviation. For 192 Tl(b1) and 192 Tl (b2), the energy spectra of observed and calculated transition energies, shown in table 1, indicate clear disagreement. For these two cases the band head spin value differs from the theoretical values. We are currently applying the VMI model to other nuclei in order to improve spectroscopic analysis of these rotational bands in the SD region. Table 3 . The root mean square deviation value of 192 T ( 1) for the lowest spin. E γ (I 0 ) = E γ (I 0 → I 0 − 2) is the transition energy from level I 0 to I 0 − 2.δ = Eγ (I ) − Eγ (I ). σ is the root mean square deviation value calculated from equation (11) . 
Conclusion
The band head spin (I 0 ) for Tl isotopes are proposed by the VMI model. The results agree well with other theoretical results, which highlights that the method can efficiently calculate band head spin for SD rotational bands. When the accurate band head spin value I 0 is obtained, the calculated transition energies agree with the experimental transition energies. But even a slight shift (I 0 + 1 or I 0 − 1) of I 0 from the spin value shows a hyperbolic variation. Therefore the value of the lowest spin I 0 and hence all the other spin values of the SD band can be determined. The result from the rms calculation agrees with the lowest I 0 value obtained using the VMI model except for 192 Tl(b1) and 192 Tl(b2) nuclei. Further, more extensive, analysis of the SD bands in A ∼ 190 region will be published in a forthcoming paper.
